The Rydberg states L 'lI(u=O), L' 'II(u= l), K'Z+(v=O), W 'II(u=O>, and W' 'II(v=2) have been studied in a 2 + 1 double-resonance detection scheme with a resolution of 0.005 cm-'. Accurate molecular constants have been derived for these states. From the observed linewidths of individual rotational transitions, predissociation rates for the Rydberg states have been deduced. For the first time a clear J and e/f dependence for the predissociation of CO has been observed. One of the states causing the observed predissociation could be identified as the D' '2+ state.
I. INTRODUCTION
Carbon monoxide is believed to be the most abundant interstellar molecule after Hz and it's isotopic variants. It is therefore an important tracer for Hz, which in most cases cannot be detected directly in interstellar clouds, circumstellar envelopes, and in planetary and cometary atmospheres. The ratio abundance of CO to that of Hz is difficult to determine from observations but can be derived by complex theoretical models.' One of the most important but also one of the most uncertain parameters in these models is the photodissociation rate of CO in the wavelength range between 91.2 nm, the absorption continuum of atomic hydrogen, and 111.8 nm corresponding to the dissociation limit of CO. ' Some years ago Letzelter ef ~1.~ recorded the absorption spectrum in this wavelength range and derived photoabsorption cross sections and predissociation rates. As an important result it was established that the XUV photodissociation of CO takes place rather via discrete line absorption than via continuous absorption. Since then many experiments have been performed to determine accurate photoabsorption cross sections, 4-6 ' line positions and photodissociation rates for the electronic states in the XUV region. Employing a 10 m VUV spectrograph Eidelsberg et &7-'o performed the most extensive study on CO in the region between 91.2 and 115.2 nm. Most of the observed electronic states could be assigned to members of Rydberg series converging to the X *Il and A 211 states in the CO+ ion and molecular constants for the four most important isotopes of CO were obtained. Recently Levelt et a1. 1'p12 accurately determined the absolute line positions for most of the Rydberg states observed by Eidelsberg et al. using a laser based XUV spectrometer calibrated to the I, standard. In addition to direct XUV absorption spectroscopy, other detection schemes can be applied. Optogalvanic spectroscopy has been applied to study inter-Rydberg transitions in C0. '3-'6 Accurate molecular constants for the involved Rydberg states were obtained. Furthermore, different resonantly enhanced multiphoton ionization '7-'9 *)Present address: Deutsche Forschungsanstalt fiir Luft-und Raumfahrt, Forschungszentrum Stuttgart, W-7000 Stuttgart 80, Germany.
(REMPI) and four-wave mixing schemes20'21 have been applied to study the Rydberg states of CO.
In this paper we present a high resolution study on five Rydberg states in the energy range between 102 300 and 103 500 cm-', i.e., the L 4p7-r 'II(v=O), L' 3dn 'II(v= 1) and K 4~0 '2+ (v=O) states all converging to the electronic ground state of CO+, the W (A 211) 3sa 'I'I(v=O) state converging to the first electronically excited state A 211 of CO+ and the W' 'lI( v= 2) which is most probably a valence state. Besides molecular constants also predissociation rates for the different electronic states are determined.
The method used here to study the Rydberg states of CO is similar to the method used by Klopotek and Vida122 who after populating a single rotational level in the A 'Il state of CO probed the E 'Il state with a second laser. The detection scheme we used to study Rydberg states in carbon monoxide is given in Fig. 1 . In a first step the CO molecules are two photon excited from the ground state X '8+ (u=O) to a single rotational level in the B 'Z+ (u =0) state. The B state can be populated either via AJ=O or via AJ= *2 transitions, which are however 2-3 orders of magnitude weaker than the AJ=O transitions. The population of the B state is monitored by detecting the strong fluorescence from the B 'Z+ to the A 'II state. In the second step the molecules are further excited by a second (probe) laser from the B state to a higher lying Rydberg state. A transition to a Rydberg state causes a depletion of the B state and can therefore be detected by a decrease of the B-+A fluorescence. By scanning the probe laser a laserdepleted fluorescence dip spectrum of the inter Rydberg transition is obtained. Employing a Fourier limited pulsed laser system for the second step, accurate linewidth measurements can be performed yielding accurate predissociation rates for the Rydberg states.
II. EXPERIMENT
A schematic overview of the experimental setup is given in Fig. 2 . Two different laser systems are used in the experiments. Either laser system can be used as the pump laser or the probe laser and are both simultaneously pumped by a Q-switched Nd:YAG laser (Quantel YG 681C-10). The third harmonic of the Nd:YAG laser with a pulse energy of 200 mJ is used to pump the laser system which induces the B-X transition. The second harmonic of the Nd:YAG laser, pulse energy about 300 mJ, is used to pump the probe laser. One laser system is a commercial pulsed dye laser (Continuum TDL60). When used as pump laser the dye laser is operated on Coumarine 460 dye. The output of the laser is frequency doubled in a BBO crystal to yield 3 mJ of radiation at 230 nm. When used as probe laser the laser operates on DCM dye yielding 60 mJ of tunable light between 605-655 nm with a bandwidth of 0.1 cm-'. The absolute frequency of the dye laser is measured with a calibrated monochromator and can be determined within 0.5 cm-'. Relative frequency measurements are performed by recording the transmission fringes of a Fabry-Perot interferometer with a free spectral range of 0.6634~0.0002 cm-'.
The other laser system is a pulsed dye amplifier (PDA) system. When used as pump laser the output of a single frequency ring dye laser (Spectra Physics 380 D), operating on Stilbene 3 dye, is amplified by a four stage PDA system, operating on Coumarine 460. In this way radiation with a bandwidth of 220 MHz and a pulse energy of 10 mJ is obtained. After frequency doubling in a BBO crystal radiation around 230 nm is obtained with a pulse energy of about 1 mJ. When used as probe laser the system is operated on DCM dye. The bandwidth of the amplified laser beam is in this case 135 MHz, whereas the pulse energy is typically 50 mJ. The fact that the bandwidth of the system is smaller when operated in the red than when operated in the blue is caused by the fact that the pulse length of the second harmonic of the Nd:YAG laser is somewhat longer than that of the third harmonic. For absolute frequency measurements the I2 or Te, absorption spectrum23-25 is recorded simultaneously along with the excitation or fluorescence dip spectrum. For relative frequency calibration the transmission peaks of a pressure and temperature stabilized interferometer with a free spectral range of 299.841tO.05 MHz are recorded.
A molecular jet is formed by expanding 2 atm. neat CO into a vacuum chamber through an electromagnetic pulsed valve with an orifice of 1 mm operating at 10 Hz. The molecular jet is 50 mm downstream of the nozzle crossed by the two counterpropagating laser beams. The pump laser is softly focused by a lens (f= 500 mm) into the jet in order to excite the CO molecules to a single rotational level in the B 'Z+(v=O) state. The fluorescence from B 'B+(u=O) +A 'II is collected by a quartz lens system and imaged onto a photomultiplier. In order to reduce the scattered light a Schott KV 370 glass filter is placed in front of the photomultiplier. The fluorescence signal is processed by a digital oscilloscope ( LeCroy 7400) and two boxcar integrators (SRS 250) interfaced with a Personal Computer. The probe laser with a diameter of 2 mm counterpropagates the pump laser and is delayed 10 ns with respect to the pump laser by a delay line of 3 m. The fluorescence during the first few nanoseconds, which is proportional to the initial population of the B state, is used to normalize the fluorescence detected after the probe laser is fired. By introducing a delay between the pump and probe laser coherence effects such as, for example, AutlerTownes splitting26 are avoided. When the molecules are excited to the B state only some specific M components of a rotational level are populated, due to the selection rules. The fraction of molecules in this rotational level that can be excited to a Rydberg state depends therefore strongly on the polarization of the probe laser. In order to be able to excite all the molecules the polarization of the probe laser can be adjusted by a A/2 wave plate.
III. DETERMINATION OF PREDISSOCIATION RATES
The predissociation rate of a Rydberg state is determined by measuring the width of the transition from the B 'Z+(u=O) to this Rydberg state. Assuming that the radiative decay rates for both the B state and the Rydberg state are much smaller than the predissociation rate of the Rydberg state the predissociation rate is given by
where r is the linewidth (FWHM) of the transition observed. The corresponding lifetime of this state is given by is instantaneously populated by the pump laser. 
The linewidths observed in the present experiment are, however, not only determined by predissociation but also by the linewidth of the probe laser. The laser has a Gaussian line shape and the line profile observed will therefore be a Voigt profile. It has been shown2' that the Lorentzian linewidth, in this case caused by the predissociation, is related to the observed linewidth by AvL'Avob-~, obs Here w is the laser frequency and tic is the center frequency (3) of the transition.
These rate equations are solved numerically as a funcwhere AvL , Avo, and Av,, are the Lorentzian, Gaussian, and observed linewidth, respectively. In our case the linewidth of the probe laser is much smaller than the observed linewidth and the Lorentzian linewidth is therefore almost equal to the observed linewidth.
In the present experiment a transition to a Rydberg state is observed by a depletion of the intermediate B 'E+ state. However, if a large fraction of the CO molecules in this intermediate state is excited to a Rydberg state the width of the transition will increase due to saturation broadening. In order to determine the effect of saturation broadening on the linewidth we performed calculations on a two-level scheme. Since in our case the predissociation rate of the upper level is much larger than the excitation rate, rate equations can be used instead of the optical Bloch equations.28 We start with the assumption that the experiment can be described by a two-level scheme as indicated in Fig. 3 , thus neglecting the extra loss channel introduced by ionization after absorbing one more photon of the probe laser. Although the ionization rate cannot be exactly determined, since the ionization cross sections of the Rydberg states involved are not known, it can be estimated from the ground state ionization cross section29 and the laser intensity used (5 X 10' W/cm21 to be 2 orders of magnitude smaller than the radiative decay rate and excitation rate, justifying the previously made assumption. In the calculations we furthermore assume that at time t=O the B state dlv, dt= B121(t,co)G(a)
Here N1 and N2 are the time dependent population in the B '2+ and Rydberg state, respectively, and gl and g2 the degeneracy of the two states involved. Al is the total radiative decay rate of the B state, A2 the total radiative decay rate of the Rydberg state, AZ1 the decay rate from the Rydberg state to the B state, B12 the usual line integrated Einstein coefficient, G(w) a Lorentzian line shape function, kp the predissociation rate of the Rydberg state, and I( t,w ) the laser intensity of the probe laser. For the laser intensity a Gaussian time profile with a maximum intensity at t= 10 ns and a width of 5 ns is assumed. The term B121(t,co)G(co) is then given by
Drabbels et a/.: Rydberg states of CO 5703 tion of the laser frequency. In these calculations a value of 3.3 x lo7 s-i is used for A,, corresponding to a lifetime of 30 ns for the B state (see Sec. IV A). The values for A2 and A,, are, however, not known. For A, we assumed a value of 1 X lo8 s-l. This value corresponds to a lifetime of 10 ns for the Rydberg state, a value common for low lying Rydberg states in CO. For A,, a value of 1 X lo6 s-' is assumed and for B12 a value of 1 X 10" J-' s-l cm2. To simulate the experiment where the B-PA fluorescence is monitored by a boxcar integrator with its gate set 20 ns after the pump laser the quantity describing this fluorescence, AINl, is integrated for times greater than 20 ns. From the resulting calculated line shape the width and the depth of the fluorescence dip are determined. This procedure has been performed for different laser intensities. The results obtained hardly depend on the values for A,, and A2 but vary strongly with the predissociation rate kp . Figure 4 shows the extra broadening due to saturation of the transition as a function of the depletion of the B state for different values of the predissociation rate. The broadening due to saturation is larger for small values of kp and becomes independent of kp for values kp>2.0x 10" s-'. For a depletion smaller than 40% the variation in power broadening is smaller than 5% for values of kp greater than 1.0X lo9 s-i. This variation is well within the experimental error at which the linewidth can be determined (see Sec. IV). In the experiment performed the laser power of the probe laser is kept low so that the depletion of the B state is always smaller than 40%. In this case the correction for the saturation broadening can be assumed to be independent of the predissociation rate kp.
IV. RESULTS

A * B '8+ state
The B 'E' state is the first member of the IZS(T Rydberg series converging to the electronic ground state of the carbon monoxide ion. It has been studied extensively in both absorption7930 and emission. 7'31 Eidelsberg et al.' concluded that the B 'Z+ state is perturbed by another nearby lying state which causes high rotational and vibrational levels in the B state to predissociate. The B 'X+*X '2+ transition has also been studied using 2 photon spectroscopy.32933 In this case only Q and 0 and S branches can be observed. Due to the fact that the potential of the B state is similar to that of the ground state the difference in the rotational constants is very small. As a consequence, the Q branch, at least for low J, cannot be resolved with a normal pulsed dye laser. The 0 and S transitions can easily be resolved but their intensity is 2-3 orders of magnitude lower than that of the Q branch. With the high power laser systems now available they can be observed.33
The two photon excitation spectrum of the B IX+ (u =0)+-X 'Z+(v=O) transition is shown in Fig. 5 . As can be seen in Fig. 5 , the Q branch can just be resolved with our resolution of 780 MHz, which is solely determined by the bandwidth of the laser system. Due to the low rotational temperature of 4 K only the lowest 5 rotational levels can be observed. This makes it possible to observe also transitions of the 13C160 and 12C180 isotopic species in natural abundance. The B 'Z+(u=l) -X 'Z+(u=O) is much weaker due to the Franck-Condon factor and therefore only the Q branch could be observed. The rotational constant in the U= 1 is so close to that one of the ground state that the Q branch could not be resolved. The observed transitions together with their assignments are listed in Table I . The observed line frequencies have been fit to the following expression for a 'B+*'Z+ transition:
Here BL ,DI ,J' and Bz ,D{ ,J" refer to the upper and ground states, respectively. The L state is a member of the npr Rydberg series converging to the ionic ground state X *2+ of CO+. It has been studied by direct XUV absorption spectroscopy"""* and by optogalvanic spectroscopy via the L 'II( u =O) .- B'Z+(u=O) transition.13'14 From these measurements it is known that the L state interacts with another state which causes an accidental perturbation of the J=7 level of the Il -(f ) component.
The L state is measured using the pulsed dye laser as pump laser to populate one specific rotational level in the B state via an S transition. The PDA system is then used to probe the L state. The observed line frequencies for the L'lI -
Here expression (8) ' it is known that the L state predissociates and that the lifetime is of the order of 100 ps. In the present work the lifetime is deduced from the widths of the transitions observed. The observed line profiles are therefore fit to a Lorentzian line profile. Since the homo- geneous line broadening caused by the predissociation is much larger than the bandwidth of the probe laser, no large error is introduced by fitting the observed transition to a Lorentzian line profile. The linewidths obtained are then corrected for saturation broadening as described in Sec. III. Figure 6 shows the observed Q(2) transition together with the fitted line profile. Although the line profile observed is quite noisy the linewidth can still be determined with an accuracy of 10%. As can be seen from Table III the linewidth depends strongly on the rotational level observed. When the linewidths are plotted as a functibn of J( J+ 1 ), as is done in Fig. 7 , it can be seen that for the II-(f ) component the linewidth is independent of J, whereas for the II+ (e) component the linewidth is almost proportional to J( J+ 1). The observed linewidths for the II+ (e) component are therefore fit to the following expression for the linewidth:
re=roe+ae J(J+l). 
with koe=2rroe and kae = 2rra,. The resulting values from the least squares fit for the parameters describing the linewidth and predissociation rate are given in Table IV Table VI .
It is well known that the L' state strongly predissociates.398.'2 This is confirmed by our results. The observed linewidth which is J independent, this in contrast to the L state, is 1.22 =t=O.O6 cm-'. This value for the linewidth corresponds to a predissociation rate of 2.26 f 0.11 .z i . ', ofthe L"n(u'=l) cB'I+(u"=O) transition.The values given in parentheses are the relative errors for the measured line positions. The absolute uncertainty in the line positions is 0.5 cm-'.
Transition
Obs. freq.
P (2) 16 287.41(6) P (3) 16 282.86 (6) Q (l) 16 295.15 (6) Q (2) 16 294.40(6) Q (3) 16 293.22 (6) R(O) 16 299.10(6) R(l) 16 302.38 (6) R (2) 16 305.35(6) R (3) 16 308.02 (6) Ohs.-talc. l- The K state is the second member (n =4) of the npa
Rydberg series converging to the electronic ground state of CO'. It has been studied by several different techniques. There is, however, a rather large discrepancy in the B rotational constants found (see Table VIII ). The K(v=O) state is measured with the same experimental setup as the L(u=O) state. The observed line frequencies of the K'H(v=O) ~B'~(u=O) transition together with their assignments are listed in Table VII . The observed line positions have been fit to a 'Z+ + 'Zf transition. The resulting molecular constants for the K state are listed in Table VIII . The value found for the B rotational constant agrees best with the value found by Eidelsberg.' It is known that already the first member of the nprr Rydberg series, E ' II (u= 0), predissociates. Moreover, the K 'Il state is known to predissociate. Levelt et al.'* have deduced from the the observed linewidths a predissociation rate of (2.7* 1.8) x 10" s-' for this state. In the present experiment we found that the predissociation rate is independent of the rotational level and has a value of (2.22 kO.13) x 10%-l, corresponding to a lifetime of 45 f 3 ps. From the experiments of Levelt et al. '* it is known that also the W state predissociates. They obtained in their experiments a J independent predissociation rate of (3.6 f 1.9) x 1o'O s-l. In the present experiment we find, however, a J-dependent linewidth, see Table X , resulting in a J-dependent predissociation rate. In Fig. 9 the observed linewidth is plotted as a function of J( J+ 1). It can directly be seen that for the IIf (e) component the linewidth is proportional to J( J+ 1) , whereas for the II -(f ) component the linewidth is Jindependent, just as is seen for the L state. The observed linewidths for the Il+ component have been fit to Eq. ( 11). The resulting constants for the linewidths together with those for the predissociation rate are listed in Table X . These results differ considerably from the results of Levelt et al. '* who obtained a J-independent predissociation for both A doublet components. The J dependence most probably was not observed due to the absence of high rotational (e) levels in their spectra of the W state, where the extra line broadening should become observable. The fact that the higher rotational levels are not observed already indicates that the predissociation for these levels is faster than for low rotational levels. 
F. W' 'lI(k2) state
The W' 'II (u= 2) state around 102 3 10 cm-' has first been observed by Ogawa and Ogawa3* in 1974. They were, however, not able to assign this band to a member of a Rydberg series. Later Hammond et al. 39 observed this state in a threshold electron spectroscopy study on CO, but they also couldn't assign this band. Recently Eidelsberg and Rostas' assigned this band as the v=2 level of the first member (n=3) of the (A 'lI)nso 311 Rydberg series converging to the first electronically excited state in CO+. They based their result on the fact that the observed rotational and vibrational constants for this series are close to those of the A *II state of the CO+ ion. Furthermore, the observed intensity for the transition is very low as expected for a 311-lx+ transition.
The As a consequence, this state cannot be assigned as a memexperimental setup as the L' (U = 1) state. In order to probe higher rotational levels in the W' state the rotational temperature is increased to about 10 K by placing a skimmer between the nozzle and the detection zone. The observed line positions for the W' (u' = 2) + B( U" =0) transition are listed in Table XI . In a first attempt the observed line ber of the (A 211) MJ 311 Rydberg series. Since it cannot be assigned as a member of any other Rydberg series it is most probably a valence state.
Since it is clear from combination differences that only the II+ (e) A doublet components are perturbed an interaction with a '8+ state is the most probable. The energy levels for the Il-(f ) components are then given by vn-=vo+BB;J(J+l) +D'J(J+l) . (13) The energy levels for the II+ (e) components are obtained by diagonalization of the matrix describing the interaction between a lI+ and a Bf state. 'II( u=2) state. The mixing between the two states is small, less than 5%, even for high J levels and, as a consequence, the transitions to the '2+ state are too weak to be observed in the present experiment. The linewidths observed for the W'( LJ=~) state are independent of the rotational level and amount to 2.14 *0.14 cm-'. The corresponding predissociation rate and lifetime for this state are (4.OhO.3) x 10" s-l and 2.5 f 0.2 ps, respectively. Levelt et al. 12 , who calibrated their transitions also to the I, standard, a systematic difference of 0.07 cm-' is observed. Although this difference is within the experimental error of 0.13 cm-' given by Levelt et al., it is still significant. We therefore have checked carefully for possible lineshifts caused by saturation of the B-X transition. The transition could, however, not be saturated by the laser power used in the present experiment and consequently no lineshifts were observed. Since we have carefully avoided saturating the transitions to the Rydberg states no lineshifts were observed for these transitions. Furthermore lineshifts caused by the Autler-Townes effect can also be ruled out. Since there were no electric or magnetic fields present at the excitation region which can shift the energy levels we conclude that our values found for the term values of the Rydberg states are accurate within 0.01 cm-'.
At an energy of about 103 000 cm-' above the ground state of CO many electronic states can be expected which interact with each other, giving rise to perturbations in the observed spectra. In Sec. IV F it is concluded that the W ' 'II (v=2) state is perturbed by a state of *2+ symmetry. This '2+ state is most probably the v=5 level of the C 3~0 '2+ state. The u= 5 level of this state is calculate to lie within 50 cm-' of the W ' 'II(v=2) state, using the values for w, and w$, given by Huber and Herzberg.42 Direct transitions to the U= 5 level of the C state are, however, too weak to be observed due to the poor FranckCondon overlap with the ground state. Although the rotational B constant for the C 'Z+(u=5) could not be determined from the fit of the transitions to the W"II( u =2) the term value for the C state could be determined as well as the interaction strength between the two states. For the term value of the C state a value of To= 102 328h 5 cm-' is found. The value of 0.6 cm-i for the interaction strength 77 indicates that there is a rather good FranckCondon overlap between the two interacting states. From the observed linewidths of the W' 'II (u = 2) state and calculated mixing between the two states limits can be given for the predissociation rate of the C 'Z+ (u=5) state, i.e., 2x10'0<kP<lx10'2s-1.
Interactions of repulsive states with bound states such as the Rydberg states observed can cause predissociation of these bound states. The predissociation observed for the L 'II(u=O) , K'Z+(u=O) , and W'II(u=O) states is most probably caused by the interaction of these states with a repulsive state of IX+ symmetry. The interaction matrix element describing the interaction between 'II+ and lx+ states is proportional to ,/JI?J+1,. This gives rise to a whether the perturbing state has 'II or 311 symmetry it is not possible to identify the perturbing state. It can, however, very well be that this state is the same state which is responsible for the observed predissociation in the E 'II(u=O) state. 3'22 In a 2+ 1 double resonance experiment on CO, where the B IX+ state is used as intermediate state, five Rydberg states around 103 000 cm-' have been studied. Accurate molecular constants have been obtained. From the observed W' (0 = 2) + B '2+ (u = 0) transition it is concluded that the W'(u=2) state is a 'Il state and that it is perturbed by the C 'Z+(u=5) state. From the observed linewidths predissociation rates for the Rydberg states could be determined. For the first time a clear J and e/f dependence for the predissociation rates could be observed. From the observed J dependence of the predissociation rates one of the perturbing states has been identified as the D ' 'X+ state. J(J+ 1) dependent predissociation rate for the 'II+ (e) levels as has been observed for the L 'II (u =0) J-independent linewidth, Toe found for the II+ (e) levels and the linewidths found for the II-(f ) levels of the L 'II(u=O) correspond to a lifetime of 0.55AO.03 ns. It can well be that this lifetime is solely determined by the radiative lifetime of the L state. A similar value for the radiative lifetime is found for the C 'B+(v=O) state.43 The experiments of Letzelter et aL3 on the fluorescence yield of the L state seem to indicate, however, that the observed lifetime is largely determined by predissociation. The results from these experiments have to be interpreted with some caution since the fluorescence yield is determined after excitation to several rotational levels in the L state with a broadband light source.
The predissociation observed for the K '8+ (v=O) is most probably caused by the same IX+ state responsible for the predissociation in the L and W state. The interaction between the two '2+ states is J independent and as a result the predissociation in the K state will not depend on the rotational quantum number, as has been observed.
The '2+ state which is responsible for the predissociation in these states can on energetic grounds only correlate to the ground state atoms C (3P) and 0 (3P). Only two 'E+ states are expected to correlate to the ground states atoms, i.e., the X '2+ ground state and the D"B+ valence state. The D' state which has only recently observed by Wolk and Rich 44 is very weakly bound at a relatively large internuclear distance. Recent calculation performed by Tchang-Brillet et a1.45 on the D' 'Bf and B 'Z+ states show that the predissociation observed in the B state is caused by the interaction of the D' state with the B state. The predissociation observed for the Rydberg states L 'II, K lx+, and W 'Il is most probably also caused by an interaction of these states with the the D' valence state, whose repulsive part of the potential is expected to cross the potential of Rydberg states at the outer turning points.
